INTRODUCTION:
One-carbon metabolism generates the one-carbon units required to synthesize many critical metabolites, including nucleotides, amino acids, and lipids. The pathway has cytosolic and mitochondrial branches, and a key step is the entry, through an unknown mechanism, of serine into mitochondria, where it is converted into glycine and formate.
In dividing mammalian cells, the mitochondrial catabolism of serine supplies most of the one-carbon units needed for biosynthesis. Indeed, many cancers rely on the one-carbon units generated from serine for proliferation, and mitochondrial serine catabolism enzymes are commonly up-regulated in tumors. Given that the entry of serine into mitochondria is a critical step in the generation of one-carbon units, it is surprising that the mitochondrial transporter(s) for serine remains unknown.
RATIONALE:
To seek the transporter responsible for serine import into mitochondria, we designed a CRISPR-Cas9-mediated genetic screen in human cells based on the likelihood that loss of mitochondrial serine transport will reduce the proliferation of cells lacking the cytosolic branch of the one-carbon metabolism pathway. Therefore, we aimed to identify genes that are synthetic lethal with serine hydroxymethyl transferase-1 (SHMT1), a key cytosolic enzyme of the pathway. Moreover, we reasoned that even if there are redundant mechanisms for serine transport, we can sensitize cells to its partial inhibition by lowering cytosolic serine concentrations, which is easily achieved by removing exogenous serine. Thus, we sought genes required for the optimal proliferation of cells lacking the cytosolic one-carbon pathway when cultured in serine-free media.
We picked the human blood Jurkat and K562 cancer cell lines for our screen because of their high mitochondrial one-carbon metabolism activity and suitability for screening and transduced cells with a lentiviral single guide RNA (sgRNA) library that targets ∼3000 metabolic enzymes, small-molecule transporters, and metabolism-related transcription factors.
RESULTS:
This screen yielded genes in the pathways for serine and purine biosynthesis and with known functions in one-carbon metabolism. In both cell lines, only one gene of unknown molecular function scored, sideroflexin 1 (SFXN1), a multipass mitochondrial membrane protein. Sfxn1 was originally identified as the gene mutated in a mouse mutant with anemia and axial skeletal abnormalities, and is part of the sideroflexin family of proteins conserved throughout eukaryotes. In humans, SFXN1 is highly expressed in the blood, liver, and kidney, which are tissues with high one-carbon metabolism activity. STED superresolution microscopy confirmed that SFXN1 localizes to the inner and not outer mitochondrial membrane, in agreement with a potential role as a metabolite transporter. The proliferation defect of SFXN1-null cells in serine-depleted media was completely reversed by adding formate, the product of the mitochondrial one-carbon pathway, which directly implicates an insufficient supply of one-carbon units in their defective proliferation. Notably, expression of an sgRNA-resistant SFXN1 cDNA restored the proliferation rate of the SFXN1-null cells to that of the wild-type cells.
Serine tracing experiments place SFXN1 in the mitochondrial branch of the one-carbon pathway. Like cells missing mitochondrial components of one-carbon metabolism, those null for SFXN1 are defective in glycine and purine synthesis and have reduced levels of charged folate species. Cells lacking SFXN1 and one of its four homologs, SFXN3, have more severe defects, including mitochondrial dysfunction and being auxotrophic for glycine. Several human SFXN family members can complement SFXN1-3 double loss, as can their yeast and Drosophila orthologs. These results were confirmed when SFXN3 emerged as one of the top synthetic lethal genes with SFXN1 in the absence of exogenous glycine. To test whether SFXN1 can directly transport serine, we purified the FLAG-tagged protein from mammalian cells and reconstituted it into liposomes. Recombinant SFXN1 mediated serine uptake into liposomes. Conversely, serine uptake into mitochondria isolated from SFXN1-null cells was decreased. SFXN1 may have other physiologically relevant transport substrates besides serine, including cysteine and alanine.
CONCLUSION: SFXN1 functions as a mitochondrial serine transporter in one-carbon metabolism. As there are multiple sideroflexins and their expression varies across tissues, SFXN1 and its homologs may turn out to be important nodes for regulating the fate of serine in cells. Because SFXN1 is expressed in many cancers and its expression is likely regulated by the Myc transcription factor, it may also have unexplored roles in cancer cell growth. (1-3) ]. An interesting aspect of the one-carbon pathway is that although partially redundant isozymes exist in the cytosol and mitochondrial matrix, in most proliferating cells, the pathway primarily flows from the cytosol into mitochondria and back out (Fig. 1A) . Cytosolic serine enters the mitochondrial matrix and is converted to glycine and formate, which then exits to the cytosol where it is used to generate the charged folates that serve as one-carbon donors (4) (Fig. 1A) . In dividing mammalian cells, the mitochondrial catabolism of serine supplies most of the one-carbon units needed for biosynthesis (5) (6) (7) (8) (9) , but the cytosolic branch can compensate for its loss (8) .
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Given that the entry of serine into mitochondria is a critical step in the generation of one-carbon units, it is surprising that the mitochondrial transporter(s) for serine remains unknown (5, (10) (11) (12) . To seek such a transporter, we designed a CRISPR-Cas9-mediated genetic screen based on the likelihood that loss of mitochondrial serine transport will reduce the proliferation of cells lacking the cytosolic branch of one-carbon metabolism. Moreover, we reasoned that even if there are redundant mechanisms for serine transport, we can sensitize cells to its partial inhibition by lowering cytosolic serine concentrations, which is easily achieved by removing exogenous serine ( fig. S1A) (13) . Thus, we sought genes required for the optimal proliferation of cells lacking the cytosolic one-carbon pathway when cultured in serine-free media.
A genetic screen for components of the mitochondrial one-carbon metabolism pathway yields SFXN1
To implement such a screening strategy, we first generated human Jurkat leukemic T cells and K562 erythroleukemic cells null for serine hydroxymethyltransferase 1 (SHMT1), an isozyme of mitochondrial SHMT2 and a key component of the cytosolic one-carbon pathway that interconverts serine and glycine (Fig. 1A) . We chose Jurkat and K562 cells because they are suitable for screening (14, 15) and have high mitochondrial one-carbon pathway activity (8, 16) . We transduced the SHMT1-null cells with a lentiviral single guide RNA (sgRNA) library that targets ∼3000 metabolic enzymes, small-molecule transporters, and metabolism-related transcription factors (∼10 sgRNAs per gene) and also contains 499 control sgRNAs (15) . The transduced cells were cultured in RPMI media with or without serine, and for each gene, we generated a gene score by calculating the mean log 2 fold-change in the abundance from the beginning to end of the culture period of all the sgRNAs targeting the gene (15) (Fig. 1B) . We also obtained a differential gene score that reflects the relative importance of the gene in the presence or absence of serine.
As expected, most genes, as well as the control sgRNAs, had similar scores in cells cultured under both media conditions (Fig. 1C) . Multiple classes of genes behaved as predicted. For example, in both cell lines, the three genes in the serine synthesis pathway (PHGDH, PSAT1, PSPH) were required for proliferation in serine-free media, as were components of the purine synthesis pathway, which is downstream of one-carbon metabolism ( Fig. 1D  and fig. S1B ). Established components of the mitochondrial one-carbon pathway, such as SHMT2 and the mitochondrial folate transporter (MFT), scored differentially in Jurkat cells, as did 5,10-methenyltetrahydrofolate synthetase (MTHFS), which returns 5-formyl-tetrahydrofolate to the tetrahydrofolate (THF) cofactor pool (17) , in K562 cells.
Notably, the only gene of unknown molecular function that scored differentially in both cell lines was the mitochondrial transmembrane protein sideroflexin 1 (SFXN1) (Fig. 1 , C and D, and fig. S1 , B and C). Sfxn1 was originally identified as the gene mutated in a mouse mutant with anemia and axial skeletal abnormalities and is part of the sideroflexin family of proteins conserved throughout eukaryotes (18, 19) . In humans, SFXN1 is highly expressed in the blood, liver, and kidney, which are tissues with high one-carbon metabolism activity (fig. S2, A and B).
To follow up the screen, we generated Jurkat and K562 cells lacking SFXN1 alone or in combination with SHMT1 ( fig. S1D ). In the absence of serine, the SFXN1-null Jurkat cells proliferated more slowly than the wild-type or AAVS1-targeted control cells, and the loss of SHMT1 exacerbated the defect, consistent with the screening results (Fig. 1E) . The SFXN1-null K562 cells proliferated less well than their Jurkat counterparts, but SHMT1 deletion did not exacerbate the defect, likely because K562 cells express very low levels of SHMT1 to begin with (Fig. 4C ). The addition of formate, the product of the mitochondrial one-carbon pathway, completely reversed the slow proliferation of the Jurkat and K562 single-and double-null cells in the serine-free media, directly implicating an insufficient supply of one-carbon units in their defective proliferation (Fig. 1E) . Notably, expression of an sgRNAresistant SFXN1 cDNA restored the proliferation rate of the SFXN1-null cells to that of the wildtype cells (Fig. 1F ). SHMT2-null cells exhibited similar albeit more profound proliferation defects than the cells lacking SFXN1 (Fig. 1E ).
Loss of SFXN1 phenocopies mutants in mitochondrial one-carbon metabolism SFXN1 localizes to the inner mitochondrial membrane and is predicted to have five transmembrane domains [(18) and our analysis with Protter (20)], with its N terminus in the matrix and C terminus in the intermembrane space ( Fig. 2A) (21) . As expected, in HeLa cells, FLAG-tagged SFXN1 colocalized with the inner mitochondrial membrane protein COX4 (Fig. 2B) , and endogenous SFXN1 was enriched in mitochondria purified from Jurkat and K562 cells ( fig. S5B ). Using super-resolution microscopy, we confirmed that SFXN1 localizes to the inner and not outer mitochondrial membrane (Fig. 2C) . The outer mitochondrial membrane, which can be marked by Tom20 (Fig. 2C) , is permeable to most small metabolites owing to the presence of the VDAC porins. Given these attributes and its emergence from our screen, SFXN1 was an excellent candidate to be a mitochondrial serine transporter.
If this were the case, cells lacking SFXN1 should have metabolic defects similar to those of cells missing SHMT2 or MTHFD2, the enzymes needed to convert serine to glycine and formate in mitochondria. Indeed, loss of SFXN1, SHMT2, or MTHFD2, but not SHMT1, caused the depletion of glycine in Jurkat cells, an increase in the serine-to-glycine ratio, and a reduction in Gene scores in full media were plotted against those in serine-deficient media. Genes with a differential score of <−1.5 are shown in red or blue (for serine synthesis genes). The full list of genes that scored in K562 cells is shown in fig. S1B . (D) Top-scoring genes from both screens. Genes were ranked according to the differential gene score in full versus serine-deficient media. 1C, one-carbon; PLP, pyridoxal phosphate. (E) SFXN1-null cells have a proliferation defect in the absence of serine, which is rescued by the addition of 1 mM formate to the media. Additional loss of SHMT1 exacerbates the proliferation defect in the Jurkat cells (mean ± SD; n = 3; n denotes biological replicates; this is true for every main and supplementary figure except fig. S6D ; ***P < 0.001, ****P < 0.0001; ns, not significant). AAVS1
indicates control cells that were treated with an sgRNA targeting the AAVS1 locus as described previously (14) . SFXN1-and SHMT2-null K562 cells are designated as -/-/-as they are triploid for these genes. (F) Expression of an sgRNA-resistant cDNA for SFXN1 in the SFXN1-null cells restores their proliferation rate in serine-deficient media (mean ± SD; n = 3; **P < 0.01, ****P < 0.0001). Two-tailed t tests were used for comparisons between groups.
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the amount of de novo-synthesized glycine secreted into the media as measured in tracing experiments with labeled serine (Fig. 2, D and E, and fig. S3A ). The null cells also had lower levels of the charged folate species that we were able to detect (5,10-methenyl-THF and 5-formyl-THF), and this was not secondary to a drop in THF or folate levels ( Fig. 2F and fig. S3B ). The sgRNAresistant SFXN1 cDNA complemented all the metabolic defects of the SFXN1-null cells.
To determine if loss of SFXN1 affects pathways that consume one-carbon donors, we examined purine synthesis, as it uses large amounts of 10-formyl-THF as a cofactor (Fig. 2G) . Indeed, the purine synthesis intermediates 5′-phosphoribosylglycinamide (GAR), phosphoribosylaminoimidazolesuccinocarboxamide (SAICAR), and 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) accumulated in SFXN1-null cells to similar extents as in cells lacking SHMT2 and MTHFD2 (8) (Fig. 2H and fig. S3C ). In this respect, loss of SFXN1 mimicked serine starvation, which in wild-type cells also caused an accumulation of the intermediates ( fig. S3D ). Consistent with SFXN1 acting upstream of formate production, formate abolished the accumulation of the intermediates in the SFXN1-null cells but did not rescue the defects in glycine levels (Fig. 2, I and J).
To monitor the relative contributions of the cytosolic and mitochondrial pathways to the synthesis of one-carbon units in SFXN1-null cells, we used a reported strategy to trace [2, 3, H 3 ]-serine to thymidine triphosphate (TTP) (8, 22) . The deuterated serine will give rise to TTP shifted by two mass units (TTP M+2) when catabolized through the cytosolic pathway but only by one mass unit (TTP M+1) if via the mitochondrial pathway (Fig. 2K) . In wild-type cells, the M+1 form was the predominant species of newly synthesized TTP, as expected in cells generating most of their one-carbon donors through mitochondria. By contrast, in cells lacking SFXN1, SHMT2, or MTHFD2, most of the newly synthesized TTP was of the M+2 species (Fig. 2L) , consistent with SFXN1 being important for the function of the mitochondrial one-carbon pathway.
To corroborate this conclusion, we used our metabolism-focused sgRNA library to screen for genes important for the optimal proliferation of SFXN1-null but not wild-type cells. Gratifyingly, among the top hits were many components of the cytosolic one-carbon pathway, including SHMT1, which was the most differentially required gene (Fig. 2, M and N, and fig. S3E ). We conclude that SFXN1 is part of the mitochondrial one-carbon pathway and its loss, like that of established components, makes cells more dependent on the cytosolic branch of the pathway.
SFXN1 transports serine in vitro
To test if SFXN1 can directly transport serine, we purified the FLAG-tagged protein from mammalian cells ( fig. S4A ) and reconstituted it into liposomes. Recombinant SFXN1 mediated serine uptake into liposomes (Fig. 3A) . Both L-and Dserine competed with the transport of the labeled serine, as did other amino acids, including the structurally related amino acids alanine, cysteine, and glycine, whereas other metabolites did so to negligible extents (Fig. 3B) . Neither formate nor citrate competed with serine transport. In vitro, SFXN1 transports serine with a Michaelis constant (K m ) of~170 mM (Fig. 3C) , which suggests that SFXN1 can transport serine at the estimated cellular serine concentration of 300 mM. Consistent with these findings, serine uptake by mitochondria isolated from SFXN1-null cells was reduced compared to that by wild-type mitochondria, whereas the uptake of the structurally unrelated amino acid glutamate was unaffected (Fig. 3D) .
Because alanine, cysteine, and glycine partially competed with serine in the in vitro transport assay, we tested whether SFXN1 can also transport these amino acids. Indeed, SFXN1 transported alanine at the physiologically relevant concentration of 371 mM (Fig. 3E) . We could not reliably measure cysteine and glycine transport by SFXN1 and suspect that further optimization of the assay might be necessary to determine whether SFXN1 can also directly transport these amino acids. To begin to assess a potential role for SFXN1 in the metabolism of these amino acids, we incubated cells in media with or without them. Although the presence or absence of alanine or glycine did not affect the proliferation of SFXN1-null cells, they proliferated better than their wild-type counterparts in media with low concentrations of cystine, suggesting that SFXN1 may play a role in intracellular cysteine transport ( fig. S4C and fig. S5A ) (see Discussion).
Homologs of SFXN1 can compensate for its loss
Cells lacking components of the mitochondrial one-carbon pathway are auxotrophic for glycine (6, (23) (24) (25) , which we confirmed using our SHMT2-and MTHFD2-null cells ( fig. S5A ). Because loss of SFXN1 did not cause glycine auxotrophy, we reasoned that there must be genes that can partially compensate for it. In mammals there are five sideroflexins, with SFXN3 being the closest homolog of SFXN1 (88% protein sequence similarity) (Fig. 4A) . Budding yeast has only one sideroflexin (FSF1), while Drosophila melanogaster has two, one most similar to SFXN1 and SFXN3 (Sfxn1-3) and the other to SFXN2 (Sfxn2) (Fig. 4A) . The human, fly, and yeast sideroflexins that we examined localized to mitochondria when expressed in HeLa cells (Fig. 4D) .
Because Jurkat and K562 cells, like other commonly used cell lines, express multiple sideroflexins (Fig. 4, B and C) , we hypothesized that one or more family members might partially compensate for the loss of SFXN1, thus explaining why the SFXN1-null cells are not auxotrophic for glycine. To explore this possibility, we used the metabolism-focused sgRNA library to screen for genes required for SFXN1-null Jurkat cells to proliferate in the absence of glycine. In addition to several genes in the mitochondrial (MTHFD2, SHMT2, MFT) and cytosolic (MTHFS) one-carbon pathways, the only other gene to score was SFXN3 (Fig. 4E) , suggesting that it has redundant functions with SFXN1.
Indeed, like cells lacking SHMT2 or MTHFD2, cells null for both SFXN1 and SFXN3 [SFXN1&3 DKO (double knockout) cells] did not proliferate in the absence of glycine (Fig. 4F) . Consistent with these cells having a severe defect in glycine synthesis, the addition of formate to the glycinefree media did not reverse their proliferation defect (Fig. 4F) , whereas expression of either SFXN1 or SFXN3 did ( fig. S5, D and E) . Purine synthesis intermediates accumulated to greater extents in the DKO cells than in those lacking only SFXN1, whereas the single or combined deletions of SFXN3 and SFXN2 did not affect these metabolites (Fig. 4G) . Compared to the SFXN1-null and wild-type cells, the DKO cells proliferated slowly even in full media, suggesting that beyond experiencing one-carbon unit stress, these cells have limiting amounts of one-carbon donors and/or glycine.
Whereas mitochondrial mass, morphology, and function were not affected in SFXN1-null cells, SFXN1&3 DKO cells did have defects in these parameters ( fig. S6 ). Mitochondrial onecarbon metabolism, as well as serine itself, is needed for mitochondrial protein synthesis and, indeed, the DKO cells had reduced levels of mitochondrially encoded proteins, likely explaining their mitochondrial dysfunction ( fig. S6G ) (26) (27) (28) (29) . Despite multiple attempts and the supplementation of full media with formate, we failed to isolate SFXN1&2&3 triple knockout cells, suggesting that such cells are not viable. However, we were able to obtain one cell clone lacking SFXN1 and SFXN2 and containing low levels of SFXN3 as a result of an in-frame deletion ( fig.  S5C ), and these cells were also unable to proliferate in the absence of glycine (Fig. 4F) .
Because SFXN1 and SFXN3 are among the most highly expressed sideroflexins in Jurkat cells (Fig. 4B) , we asked if other homologs can compensate for them if expressed at higher levels. With the exception of SFXN4, overexpression of any of the human sideroflexins reversed the glycine auxotrophy of the Jurkat SFXN1&3 DKO cells, as did heterologous expression of yeast FSF1 and Drosophila Sfxn1-3 and Sfxn2 (Fig. 4H and fig. S5F ). However, besides SFXN1 and SFXN3, only SFXN2, FSF1, and Sfxn1-3 (the closest Drosophila homolog of SFXN1) ameliorated, to differing degrees, the defects in purine synthesis (Fig. 4I) . These results suggest that serine transport is an evolutionarily conserved feature of the sideroflexins but that their kinetic properties and likely substrate specificities vary so that not all can support the high rate of mitochondrial serine import required to fulfill the demand for one-carbon units of proliferating cells. In vitro transport assays optimized for each sideroflexin will be required to test this idea.
Discussion
Our work reveals SFXN1 as a previously missing component of the one-carbon metabolism pathway that functions as a mitochondrial serine transporter. We propose that SFXN1 and SFXN3 (and perhaps SFXN2) are the main mitochondrial serine transporters in human cells and that were processed for immunofluorescence detection of the FLAG epitope (cyan) and the mitochondrial inner membrane marker cytochrome c oxidase subunit 4 (COX4) (magenta). The merged image shows the overlap of both channels in white. Scale bar is 10 mm in the full image and 2 mm in the inset. (C) Super-resolution microscopy confirms SFXN1 localization to the inner membrane of mitochondria. Wild-type HeLa cells transiently expressing FLAG-SFXN1 were processed for immunofluorescence detection of the FLAG epitope (magenta) and the outer mitochondrial membrane marker Tom20 (left panel, green) or the mitochondrial inner membrane marker cytochrome c oxidase subunit 4 (COX4) (right panel, green) and imaged by STED microscopy. Overlap of magenta and green channels is shown in white, and line profiles show fluorescent signals of each channel across mitochondria where marked by the dotted rectangles. Scale bars are 2 mm in the full images and 1 mm in the insets. (D) As in cells lacking known components of the mitochondrial one-carbon pathway, glycine levels are reduced and the cellular serine/glycine ratio is increased in SFXN1-null cells. Serine and glycine levels were measured by gas chromatography-mass spectrometry (GC-MS) in extracts from wild-type Jurkat cells or single-cell-derived control and knockout clones (mean ± SD; n = 3; **P < 0.01, ***P < 0.001). (E) Loss of SFXN1 causes a glycine synthesis defect. GC-MS was used to measure glycine in the culture media of wild-type Jurkat cells or single-cell-derived knockout clones incubated for 12 hours with 2,3,3-2 H 3 -serine as the only serine source. The glycine M+0 species is the unlabeled species. The glycine M+1 species is derived from 2,3,3-2 H 3 -serine (mean ± SD; n = 3; **P < 0.01, ***P < 0.001). (F) Levels of charged folate species are decreased in SFXN1-null cells. Metabolites were measured by LC-MS in extracts from wild-type Jurkat cells or single-cell-derived control and knockout clones (mean ± SD; n = 3; **P < 0.01, ***P < 0.001, ****P < 0.0001). 5,10-CH + -THF, 5,10-methenyl-THF. (G) Schematic of the purine synthesis pathway, indicating steps using one-carbon units in the form of 10-formyl-THF. GAR, 5′-phosphoribosyl-glycinamide. SAICAR, phosphoribosylaminoimidazolesuccinocarboxamide. AICAR, 5-aminoimidazole-4-carboxamide ribonucleotide. IMP, inosine monophosphate. (H) The purine synthesis intermediates GAR, SAICAR, and AICAR accumulate in SFXN1-null cells. Purine synthesis intermediates were measured by LC-MS in extracts from wild-type Jurkat cells or single-cell-derived control and knockout clones (mean ± SD; n = 3; ****P < 0.0001). (I) Addition of 1 mM formate does not rescue glycine levels and serine/glycine ratio of SFXN1-null cells. Serine and glycine levels were measured by LC-MS in extracts from wild-type Jurkat cells or single-cell-derived SFXN1-null cells incubated for 24 hours in the indicated media (mean ± SD; n = 3; *P < 0.05, **P < 0.01). (J) Addition of 1 mM formate reverses the accumulation Sfxn1-3 also has this function in D. melanogaster. SFXN1 and SFXN3 likely have other physiologically relevant substrates besides serine, such as alanine or cysteine, a notion supported by our in vitro transport results, the finding that cells lacking both have more severe proliferation defects than those missing established components of the mitochondrial one-carbon pathway, and that cells lacking SFXN1 have a proliferation advantage in media containing low cystine, the oxidized dimer of cysteine present in RPMI media and taken up by cells (fig. S4C) . A major use of cysteine is cytosolic glutathione synthesis, and it is possible that loss of SFXN1 and thus a reduction in mitochondrial cysteine import should increase its availability for this use, which is known to be limiting for cell proliferation (30) . Two reports proposed that SFXN1 can transport citrate in vitro (31, 32) , but the physiological relevance of this remains unclear because SLC25A1 is well established as the mitochondrial citrate carrier (33) (34) (35) and citrate did not compete with serine in our in vitro assays (Fig. 3B) . Moreover, these previous studies used purified endogenous rather than recombinant protein, raising the possibility that the observed activity was due to a copurifying contaminating protein. In addition, we excluded another potential substrate for the sideroflexins, pyridoxine (36) , which is a precursor for the pyridoxal 5′-phosphate cofactor of SHMT2, ALAS2, and mitochondrial transaminases, because the levels of pyridoxal-conjugated proteins were unchanged in the mitochondria of SFXN1-or SFXN1&3-null cells ( fig. S6H ). Furthermore, SLC25A39 is likely responsible for pyridoxal 5′-phosphate transport into mitochondria (37) .
When overexpressed, SFXN5 only partially complements loss of SFXN1, and we suspect that its main function is not as a serine transportersimilarly to SFXN4, which in our experimental systems cannot substitute for SFXN1. It is interesting that budding yeast only has one sideroflexin (FSF1), perhaps suggesting that is has broader functions than its homologs in other species.
Mice with a loss-of-function mutation in Sfxn1 have a sideroblastic-like anemia characterized by iron accumulation in mitochondria (18, 39) . Although Sfxn1 has been challenged as the causative gene (39), our work does provide a possible explanation for the phenotype. In humans, mutations that impair the part of the heme synthesis pathway that occurs in mitochondria, which requires glycine, cause sideroblastic anemia (40) . Given that mitochondria make glycine from serine, we speculate that in the Sfxn1-mutant mice, an insufficient import of serine into mitochondria results in a decrease in glycine and thus heme synthesis. Iron itself is unlikely to be a direct substrate of SFXN1 as the mitoferrins are reported mitochondrial iron transporters (41) . There are multiple sideroflexins, and their expression varies across tissues ( fig. S2 A, B) . Radioactive serine uptake into mitochondria purified from SFXN1-null cells is reduced compared to that into mitochondria purified from wild-type cells, whereas glutamate uptake is unchanged (mean ± SD; n = 3, **P < 0.01; ns, not significant). (E) Steady-state kinetic analysis of SFXN1-mediated alanine transport reveals a K m of~371 mM for alanine. Each data point was calculated from three replicate data points.
of purine synthesis intermediates in SFXN1-null cells. Intermediates were measured by LC-MS in extracts from wild-type Jurkat cells or single-cellderived SFXN1-null cells incubated for 24 hours in the indicated media (mean ± SD; n = 3; ****P < 0.0001; N.D., not detected). (K) Tracing strategy to differentiate contribution of cytosolic and mitochondrial pathways to cytosolic TTP synthesis. Oxidation of 2,3,3-2 H 3 -serine by SHMT2 and subsequent enzymes in mitochondria gives rise to a singly labeled formate species, and thus singly labeled (one mass unit heavier, M+1) TTP. Oxidation by SHMT1 in the cytosol gives rise to doubly labeled (two mass units heavier, M+2) TTP. The difference between unlabeled (M+0), M+1, and M+2 TTP can be resolved on a high-resolution mass spectrometer. The ratio of M+1 to M+2 is indicative of the contribution of mitochondria-versus cytosol-derived one-carbon units to nucleotide synthesis. Adapted from (8) . TTP, thymidine triphosphate. (L) The relative contribution of the cytosolic and mitochondrial one-carbon pathways to TTP synthesis is inverted in SFXN1-null compared to wild-type cells. Wild-type Jurkat or single-cell-derived knockout cells were cultured for 12 hours in media containing 2,3,3-2 H 3 -serine as the only serine source before harvesting and LC-MS analysis (mean ± SD; n = 3, ****P < 0.0001). (M) Genes of the cytosolic one-carbon pathway are selectively required for the optimal proliferation of SFXN1-null cells. Gene scores in wild-type cells were plotted against those in SFXN1-null cells. Genes with a differential gene score of <−1.5 are shown in red. (N) Serine Hydroxymethyltransferase 1 (SHMT1) was the top hit from the SFXN1 synthetic lethality screen. Genes were ranked according to differential gene score between wild-type and SFXN1-null cells. Cyto 1C metabolism, cytosolic one-carbon metabolism; FA, fatty acid. Two-tailed t tests were used for comparisons between metabolites. For the formate rescue, cells were cultured in media with 1 mM formate for 2 days before initiating the experiment (mean ± SD; n = 3; ***P < 0.001, ****P < 0.0001). (G) The accumulation of purine synthesis intermediates is exacerbated in cells lacking both SFXN1 and SFXN3 compared to their single-knockout counterparts. The asterisk denotes a cell clone lacking SFXN1 and SFXN2 and with incomplete deletion of SFXN3. Purine intermediates were measured by LC-MS in extracts from the indicated cells (mean ± SD; n = 3; **P < 0.01). Abbreviations as in Fig. 2C . (H) Human, yeast, and Drosophila sideroflexin homologs, with the exception of SFXN4, rescue the glycine auxotrophy of cells lacking both SFXN1 and SFXN3. Single cell-derived doubleknockout Jurkat cells were transduced with an empty vector (EV) or cDNAs of human, yeast, and Drosophila sideroflexin homologs. Asterisks denote statistically significant differences in proliferation in media lacking glycine between the cells expressing the empty vector and the sideroflexin homologs. Mean ± SD; n = 3; ***P < 0.001, ****P < 0.0001).
(I) Sideroflexin homologs rescue to varying degrees the purine synthesis defects of cells lacking SFXN1 and SFXN3. Purine intermediates were measured by LC-MS in extracts from wild-type Jurkat cells or the double-knockout Jurkat cells expressing an empty vector (EV) or cDNAs of human, yeast, and Drosophila sideroflexin homologs. Asterisks denote statistically significant differences between the cells expressing the empty vector and the sideroflexin homologs. Values were normalized to the average value of the wild-type samples in (G) because purine synthesis intermediates were not detected in the wild-type samples in this experiment (mean ± SD; n = 3, **P < 0.01; N.D., not detected; N.S., not significant). Two-tailed t tests were used for comparisons between metabolites. pathway, SFXN1, 2, and 3 expression is likely regulated by the Myc transcription factor, as we found 34, 20, and 14 Myc-binding sites in the promoters of SFXN1, SFXN2, and SFXN3, respectively. SFXN1 is expressed in many cancers, most highly in leukemias and lymphomas ( fig. S2C ), Thus, SFXN1 and its homologs may turn out to be important nodes for regulating the fate of serine in cells and also play unexplored roles in cancer cell growth.
Methods summary
CRISPR screens performed in human SHMT1-null Jurkat and K562 cells identified SFXN1 as one of the most differentially scoring genes in media with and without serine in both cell lines. The proliferation and metabolism of single-cellderived SFXN1-null cells generated using CRISPRCas9 was analyzed by using Cell Titer Glo assays and mass spectrometry-based metabolite profiling and compared with mutants of the known one-carbon metabolism genes SHMT1, SHMT2, and MTHFD2. The localization of SFXN1 and its homologs was analyzed by spinning disk confocal and stimulated emission depletion (STED) super-resolution microscopy. In vitro transport assays and uptake assays into isolated mitochondria confirmed SFXN1 as a serine transporter. The redundancy of genes homologous to SFXN1 (the sideroflexins) was analyzed by using a SFXN1 synthetic lethality CRISPR screen, by studying double deletion cells, and in complementation assays.
